Neuropeptides are processed from larger preproproteins by a dedicated set of enzymes. The molecular and biochemical mechanisms underlying preproprotein processing and the functional importance of processing enzymes are well characterised in mammals, but little studied outside this group. In contrast to mammals, Drosophila lacks a gene for carboxypeptidase E (CPE), a key enzyme for mammalian peptide processing.
Introduction
Neuropeptides and peptide hormones are synthesised as parts of larger precursors (preproproteins) from which they are processed into their bioactive form by sequential action of proprotein convertases (PCs), metallocarboxypeptidases (CPs) and amidating enzymes (1) (2) (3) . In mammals, proprotein processing is well characterised on the molecular and biochemical level, and is implicated in a variety of physiological and pathological processes including obesity and growth defects (4, 5) . In contrast, the mechanisms and functions of proprotein processing are little studied in lower vertebrate taxa and invertebrates.
For insects, preproprotein processing is best understood for Drosophila (reviewed by (6) ). In the fruit fly, the first processing step is catalysed by the proprotein convertase dPC2 encoded by the gene amontillado (amon) (7) (8) (9) . A deficiency in dPC2 results in reduced to absent levels of neuro-and enteroendocrine peptides (9) (10) (11) , developmental defects and impaired behaviour including hatching and ecdysis (7, 8, 12) and larval locomotion (9) as well as carbohydrate metabolism (10) .
As a typical PC, dPC2 cuts C-terminal of canonic mono-or dibasic amino acid (typically R, KR or RR) cleavage sites, resulting in peptides which are C-terminally extended by basic amino acids. In mammals, these basic C-terminal extensions are pruned by N/E metallocarboxypeptidase E (CPE, EC 3.4.17.10 (13-15)), which initially was thought to be the only carboxypeptidase involved in neuropeptide processing (16) . However, a further member of the M14 subfamily of metallocarboxypeptidases, carboxypeptidase D (CPD, EC 3.4.17.22), was later found to be able to partially compensate for a loss of CPE action (17) . CPDs are unusual in that they are large proteins (~180 kDa) that contain three CP domains. Only the first two domains are enzymatically active, while the third domain is inactive (16, 18) . In contrast, CPEs and other M14 CPs like the membrane-bound CPM (EC 3.4.17.12) are smaller (52-56 kDa) and contain only one CP domain (19, 20) .
Curiously, unlike vertebrates and most other invertebrates, Drosophila lacks a CPE gene, and only possesses a CPD-encoding gene named silver (21) . The two active domains of dCPD differ in their pH optima and substrate preferences (22) (23) (24) . While null mutations in svr are lethal (25) , dCPD transgenes containing either active domain 1 or 2 can rescue behavioural and developmental deficits of svr mutant flies to varying degrees (24) . Hypomorphic mutants have defects in cuticle melanisation and tanning, wing morphogenesis, biogenic amine metabolism, light response (26, 27) and memory formation (24, 28) , and show increased ethanol and cold sensitivity (24) .
The general requirement of CPs in neuropeptide and peptide hormone processing and the lack of a CPE gene in the Drosophila genome implies that dCPD is functionally important for the production of bioactive peptides in the fruit fly. This reasoning is supported by a prominent expression of svr in the central nervous system (CNS) and endocrine tissues such as the midgut (29) , as well as by the direct transactivation of svr by the basic helix-loop-helix transcription factor DIMMED which confers a neuroendocrine peptidergic phenotype (30) . Ectopic expression of svr transgenes in the neurohemal organ of the brain (corpora cardiaca) also affects processing of adipokinetic hormone (AKH) (24) .
Yet, direct and comprehensive biochemical evidence for a role of dCPD or any other insect CP in neuropeptide processing is lacking.
Here, we used a combined neurogenetic-peptidomic approach to test the requirement of dCPD for neuropeptide processing, locomotor behaviour and life span. A phylogenomic search for CPD and CPE genes throughout the insects suggests that CPE has been independently lost in a few holometabolous insect taxa, while all analysed insect species obviously possess CPD. Taken together, our results suggest that insect CPDs can fully compensate for a loss of CPE and possibly have important further functions beyond neuropeptide processing that cannot be fulfilled by CPE.
Results

Characterisation of the transgenic heat-shock rescue lines
The svr PG33 allele is lethal in hemizygous males and homozygous females (25) . Instead, the hs-svr rescue construct seems to be expressed at low levels even at lower temperatures.
Without heat-shock, svr PG33 , hs-svr flies thus represent functional dCPD hypomorphs.
Deficiency of dCPD SILVER results in incompletely processed neuropeptides and peptide hormones
To qualitatively test whether a defective dCPD results in changes in peptide processing, we raised svr PG33 /FM7h; hs-svr flies under heat-shock conditions until eclosion, followed by fourteen days at constant 18°C. Then, the nervous system of individual males was dissected and either optic lobes (n=15 controls/17 mutants), central brain without optic lobes (n=12/16) or the ventral ganglion (n=14/9) were separated and directly profiled by MALDI-TOF MS ( Fig. 2A-C) . This method comprises specific on-plate extraction of peptides, which allows to identify peptides by mass match with high reliability in Drosophila (32, 33) and other insects (e.g. (34)).
In total, 43 different peptides (equalling about 80% of the mass-spectrometrically confirmed Drosophila neuropeptides (6)) were identified by mass match (± 0.5 Da). In FM7h; hs-svr control flies, 35 of these peptides were only found in their processed bioactive form ( Fig. 2D -E, Supporting Fig. 1 ).
For five peptides (CAPA-PVK-2, CCHa-2, FMRFa-3, FMRFa-4 and kinin) both processed bioactive and C-terminal extended forms were found. For AstA-2 and CCAP, only mass peaks matching the unprocessed peptide carrying a C-terminal GKR and GRKR extension were identified. Due to the prevalence of nonpolar amino acids in AstA-2 (LPVYNFGLamide) and CCAP (PFCNAFTGCamide, carrying an internal cystein bridge), both peptides are notoriously difficult to detect by direct MALDI-TOF peptide profiling without prior chemical modification. Yet, the C-terminal Arg of the unprocessed peptide likely increased ionisation efficiency during the MALDI process (35) . In 99.0% of the detected peptide peaks over all preparation, fully processed forms were found, while peptides carrying a C-terminal basic amino acid extension occurred in only 5% of the peptides*preparations ( Fig. 2D -E, Supporting Fig. 1 ).
In svr PG33 , hs-svr experimental flies, 37 neuropeptides were detected by mass match in both processed bioactive and C-terminal extended form, of which APK-R, AstA-4, CAPA-PK (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) -GKR, CAPA-PVK-1, corazonin-GKR, FMRFa-2-GR, FMRFa-3-GR, FMRFa-4-GR, FMRFa-6, FMRFa-6-GR, HUG-PK-GKR, IPNa-GKR, myosuppressin-GRR, SIFa, sNPF-1 (4) (5) (6) (7) (8) (9) (10) (11) -GR were sequence-confirmed by MS/MS fragmentation. Only five neuropeptides (Ast-C, CCHa-2, FMRFa-8, MIP-3 and MIP-5) were exclusively found in their processed bioactive form. Four neuropeptides (CCAP, kinin, MIP-2, PDF)
were exclusively found in their unprocessed C-terminally extended form (Supporting Fig. 1 ). In 76.8%
of the peptides*preparations, fully processed forms were found, while peptides carrying a C-terminal basic amino acid extension were found in 43.2% of the peptides*preparations ( Fig. 2D-E Fig. 2F , the ratios (R) for the peak areas between unprocessed and processed peptides are shown in Supporting (Fig. 2F) . The presence of only processed MIP-3 in mutant flies is difficult to account for. sNPF-11-11 as well as sNPF-21-10 has been found at lower signal intensity in previous peptidomic studies on larval or adult Drosophila CNS (32, 33, (36) (37) (38) (39) . In contrast, sNPF-21-19 had not been biochemically identified so far, although this peptide was early on predicted from the Drosophila genome (40) . Thus, the presence of processed and unprocessed sNPF- (25) , and drove the expression of either a membrane-bound or nuclear form of UAS-GFP. In both the larval and adult CNS, a large number of neurons innervating basically all neuropiles expressed svr PG33 -Gal4-driven GFP ( Fig 3A) . This is in line with the idea that many Drosophila neurons express peptide co-transmitters (41) . Due to the broad expression, it was impossible to identify specific arborisation patterns with exception of the tightly packed Kenyon cells with their parallel projections in the mushroom bodies ( Fig. 3A-C) . These neurons are known to express sNPF (36, 42) . As sNPF processing was impaired in svr PG33 , hs-svr (Fig. 2F, Supporting Fig. 1 ), dCPD likely plays a role in peptide processing in these higher order integration centers. Outside of the CNS, the endocrine AKH cells in the glandular part of the corpora cardiaca, the proximal part of the larval ring gland were strongly labelled (Fig. 3A, D) . This is compatible with earlier genetic manipulations of dCPD levels in these cells, which significantly affected AKH processing (24) .
dCPD is required for starvation-induced hyperactivity The expression pattern of svr PG33 suggested that dCPD is expressed in AKH-producing endocrine cells of the corpora cardiaca. AKH has metabolic functions and is required for starvation-induced hyperactivity (43, 44) . To address the functional requirement of dCPD in AKH processing, we tested whether starvation-induced hyperactivity is affected in svr PG33 , hs-svr mutant flies ( Loss of dCPD affects survival rate and general activity levels 4C ). Next, we analyzed locomotor activity and rhythmicity. Control flies displayed the characteristic bimodal activity pattern with increased morning and evening activity and a siesta phase during mid-day. svr PG33 , hs-svr mutant flies showed the same rhythmicity, yet an overall reduced activity pattern, with dampened morning and evening activity bouts (Fig. 4D ).
dCPD is required for appetitive but not aversive gustatory preference
Neuropeptides act both as signalling or modulatory substances within chemosensory input pathways in Drosophila (45) (46) (47) (48) . We therefore used larval preference assays (49) to functionally test whether dCPD plays a role in processing peptides involved in gustatory or olfactory signalling. First, we tested whether the lack of dCPD affects the preference for fructose, a sugar that provides nutritional value and sweetness (50) . Individual larvae were analysed over time using the FIM tracking system (51).
svr PG33 , hs-svr mutant larvae showed approach behavior for fructose, however, the performance was reduced compared to control larvae in the course of time (Fig. 5A ) and significantly reduced after 5min (Fig. 5D ). To test whether a lack of dCPD generally affects gustatory responses, we challenged larvae with high salt concentrations. As expected, control larvae significantly avoided high salt concentrations. Similarly, svr PG33 , hs-svr mutant larvae showed avoidance behavior suggesting that the lack of dCPD affected the larval response specifically to sugar or appetitive substances instead and not taste responses in general (Fig.5B, E ). Next, we tested larvae for their innate olfaction. svr PG33 , hs-svr mutant larvae and control larvae performed indistinguishable over the course of time and approached amylacetate ( Fig. 5C, F) . Our results suggest that hypomorphic dCPD levels do not affect chemosensory sensory processing in general, but rather gustatory responses to sugar.
Evidence for an independent loss of CPE but not CPD in holometabolous insects CPE, the major neuropeptide processing CP in mammals, has also been found in molluscs (52) and nematodes (53, 54 ), but appears to be absent in Drosophila (22) . To test whether the lack of CPE applies to insects in general, we performed a non-exhaustive insect genome BLAST search based on CPE sequences from mouse and C. elegans (EGL-21), and CPD sequences from Drosophila. Obtained insect CPE sequences were then used to refine the search. In total, we obtained 310 predicted full CP sequences from insects covering all major insect orders. We then calculated a maximum likelihood tree, which clustered CPE and CPD/CPM separately of each other (Supporting Fig. 4 ). CPDs have three CP domains, and are therefore significantly larger than CPEs and CPMs. This criterion was used to separate CPDs from CPMs which otherwise show high sequence similarity between their active CP domains. Our analysis certainly does not include all available sequence information for insects and we did not specifically search for CP sequences within individual genomes. Our BLAST search yield CPD sequences for most insect orders (Table 1) , except for diplurans, mayflies (Ephemeroptera), dragon flies (Odonata) and stick insects (Phasmatodea) for which little genomic data is available and CPD sequences are likely to be found by a more thorough analysis. A conservative interpretation of the data is that all insect orders for which abundant genomic data is available possess CPD (Table 1) .
CPE was found in the basal Entognatha and in the majority of insect orders including most if not all hemimetabolous orders as well as the holometabolous beetles and the derived Lepidoptera (butterflies, moths and allies) ( Table 1) . Interestingly, putative CPE sequences could not be identified from the two large holometabolous orders which contain the majority of insects with sequenced genomes: the Diptera (mosquitoes, flies and allies) and the Hymenoptera (bees, ants, wasps and allies) ( Table 1) . In other words, CPE seems to be common throughout the insects, but seems to have been independently lost at least two times: in the basal holometabolous Hymenoptera, as well as the derived holometabolous Diptera. A puzzling finding not concurrent with this notion is the presence of putative 54) . This indicated that CPE is the key carboxypeptidase for neuropeptide processing in these phylogenetically very distant animals. A gene coding for CPE could however not been found in the fruit fly Drosophila (22, 57) , the only insect in which neuropeptide processing is studied in more detail (6) . Several lines of evidence indicated that instead dCPD encoded by svr has taken over the key function of neuropeptide processing in Drosophila. First, the second domain of dCPD has enzymatic properties similar to those of mammalian CPE (22) . Next, ectopic expression of svr in the endocrine AKH-producing cells reduced the levels of naturally occuring C-terminally extended AKH (24) .
Lastly, flies with disrupted svr gene are embryonically lethal (21, 23) and show deficits in various neuropeptide-regulated behaviours (23) . However, direct evidence for an involvement of CPD in neuropeptide processing was so far lacking for any species, including the fruit fly. Hence, a main result of our peptidomic study is the demonstration of the ability of dCPD to efficiently process a broad variety of neuropeptides. This raises the question whether the failure of mouse CPD to fully rescue a deficiency of CPE (17) is caused by an incomplete overlap of the CPD and CPE expression patterns in peptidergic neurons rather than by a reduced efficiency of mouse CPD to process neuropeptides.
The early lethality of svr mutants (21, 23) suggests that dCPD function during development cannot be substituted by dCPM. Our finding that svr PG33 mutant larvae and pupae required daily heat-shock rescue to develop into adults is in line with the importante of svr during development. Yet, once adult, svr PG33 mutants survived without heat-shock even though the survival rate was significantly reduced.
Our RT-PCR results suggest that this reduced viability is due to a hypomorphic background expression of the hs-svr rescue construct even at lower temperature, and not due to a loss of dCPD requirement in adult flies. We had previously observed a similar phenomenon for amon (dPC2) deficient flies rescued by a hs-amon construct (9) . We hypothesise that the production rate of neuropeptides is significantly lower in adult flies than in the very fast growing larva or developing pupa, in which the background expression of either hs-amon or hs-svr may not be sufficient to provide the required increasing supply in neuropeptides during development. Taken together, our results suggest that dCPD is a key if not the sole CP involved in neuropeptide processing in Drosophila.
Given that most animals have additional genes for PC1/3 and CPE, it is surprising why apparently Drosophila during evolution has kept only one gene for a proprotein convertase (dPC2, amon, (9) and one for a CP (svr), considering that a mutation in either gene is lethal. One reason for keeping CPD and not CPE could be the potential higher versatility of CPD with its two bioactive domains and membrane-anchored and free isoforms which have unique functions, substrate specificities and specific pH optima (18, 24) . It is tempting to speculate that dCPD has further functions additional to neuropeptide processing, which cannot be executed by CPE with its single bioactive domain. This is compatible to the finding that hypomorphs have phenotypes in wing morphology (23) and biogenic amine pools (26) . This hypothesis is also supported by our finding that obviously CPE has been independently lost at least twice during insect evolution in Hymenoptera and Diptera, while CPD seems to be present in all insect taxa.
Based on the expression pattern of the svr PG33 transgene, dCPD is broadly expressed in the CNS and neuroendocrine organs. The expression in the Kenyon cells of the mushroom body, an important brain center for learning and memory, is in line with impaired long-term memory in a courtship assay (24) and olfactory memory formation (28) . Similarly, knock-out of CPE in mice impairs olfactory social learning, object recognition memory and performance in the Morris water maze (58) . The expression of svr PG33 in the endocrine AKH cells as well as its effect on AKH-mediated starvation-induced hyperactivity, indicates a role of of dCPD in AKH processing after dPC2 cleavage (10) . This is in line with the effect of ectopically expressed dCPD on AKH processing as shown by direct peptide profiling (24) .
Impairment in insulin signalling increases life span (59, 60) , and dCPD has been implicated in insulin processing (28) . Yet, we found the maximum life span of the svr PG33 hypomorphs is simlar and survival rate is decreased. This suggests a further, unidentified role of dCPD outside of peptide processing or an involvement of other yet unknown neuropeptides in the regulation of life-span. These neuropeptides could be identified by cell-specific svr knock-out via CRISPR-Cas9 (61) or knockdown via RNAi, as the svr PG33 driver line lends itself as a tool to generally impair peptide signalling in neurons even if these express multiple co-expressed or unknown peptides.
Taken together, our results show that dCPD is a key enzyme for neuropeptide processing in Drosophila, and is required for proper peptide-regulated behaviour. dCPD also may have functions unrelated to neuropeptide processing which led to an evolutionary retention of CPD in insect genomes.
Experimental procedures
Fly strains
The svr null mutant y 1 Flies were kept on standard food at either 18°C or 25°C and an LD12:12 light cycle and a relative humidity of 60%.
Generation of hs-svr flies
To rescue the lethal svr PG33 mutant phenotype, we generated flies carrying a hs-svr 1A-2-3-t2 genomic insert. The pUAST-svr (1A-2-3-t2) plasmid ( (24), kind gift of Galina Sidyelyeva and Lloyd Fricker) was digested using EcoRI and XbaI, resulting in two fragments consisting of the 5'-2174 bp and the 3'-2351 bp part of the svr (1A-2-3-t2) construct. Then, the pCaSpeR-hs vector (62) was digested using
EcoRI and XbaI, and the 3'-2351 bp part was inserted. After ligation, the resulting plasmid was digested with EcoRI, and the 5'-2174 bp fragment was inserted and ligated. The correct orientation of the fragments and sequence was confirmed by Sanger sequencing, and the resulting hs-svr at room temperature and heat-shocked daily for 30 min at 37°C in a water bath. Larvae for the behavioural assays were obtained by heat-shocking for four days, followed by two days at 18°C to minimise background expression of hs-svr. Homozygous mutant larvae were identified by the light mouth parts and unpigmented denticle bands due to the y 1 allele, while larvae carrying FM7h showed stronger pigmentation due to the y 31 allele of FM7h (63) . To obtain adults, heat-shocking was continued until eclosion. After eclosion, flies were kept at 18°C, until male nervous tissue was dissected and processed as described. For behavioural and life span assays, flies 4-7 respectively 1 day after eclosion were used. FM7h controls were distinguished from svr PG33 mutants by the presence of barred (B) and orange-coloured eyes.
RT-PCR
To test for background expression of hs-svr, total RNA was extracted from heads of five adult males per genotype using the Quick-RNA MicroPrep Kit (Zymo Research, Irvine, USA) according to manufacturer's instructions. Heads were cut off, collected in a microtube containing 300 µl RNA lysis buffer on ice, and homogenised with a plastic pestle. Total RNA was eluted in 8µl RNAse-free water.
For cDNA synthesis, the QuantiTect Reverse Transcription Kit from Qiagen (Venlo, Netherlands) was used. All steps were performed following the manufacturer's protocol. cDNA was PCR-amplified using a JumpStart REDTaq ReadyMix (Sigma-Aldrich) and svr-, GawB-
and Gaw-svr-specific primers (see Supplemental table 1) . α-tubulin was used as internal control. The PCR program consisted of 5min at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 60°C , 60 s at 72°C, followed by a final extension for 5 min at 72°C.
Direct peptide profiling via MALDI-TOF mass spectrometry
Direct peptide profiling was carried out according to our standard protocol (64) . In brief, the brain and ventral ganglion (VG) of adult male flies 14 days after eclosion and last heat-shock was dissected in HL3.1 saline: 170 mM NaCl, 5 mM KCl, 1.5 mM CaCl2, 4 mM MgCl2, 10 mM NaHCO3, 5 mM trehalose, 115 mM sucrose, 5 mM HEPES, pH 7.5 (65) . Using microscissors, the brain was further divided into optic lobes or central brain. Tissues were then transferred by pulled glass capillaries to a stainless steel MALDI target, remaining saline was removed and the tissues were let to dry. In case of excess salt deposits, a small droplet of ice-cold water was added to the dried tissues and removed after about 1s to desalt the sample. seconds; singly charged precursors were excluded from selection. Minimum signal threshold for precursor selection was set to 50,000. Predictive AGC was used with AGC a target value of 2e5 for MS scans and 5e4 for MS/MS scans. EASY-IC was used for internal calibration.
In total, three (controls) and two (mutants) biological samples were measured in technical duplicates.
All chemicals used were of HPLC grade; low-binding plastic was used throughout.
Data Analysis
Data analysis was performed with PEAKS Studio 8.5 (Bioinformatics Solutions Inc. (67) antibodies (anti-GFP rabbit polyclonal (1:1000, Invitrogen) and anti-brp (nc82) mouse monoclonal (mAb) (1:100)) in PBT+5% NGS were added overnight at 4°C on a shaker.
Preparations were then washed 5 x for at least 1h in 1x PBS at room temperature. Fluorophorecoupled secondary antisera (goat-anti-rabbit-Alexa488 and goat-anti-mouse-Dylight 649, Dianova
GmbH, Göttingen Germany), diluted 1:1000 in PBT+5% NGS) were added and preparations were incubated overnight at 4°C on a shaker. Next, preparations were washed as above, followed by a 
Survival
To test flies for changes in life span, groups of ten flies were kept under normal ad libitum standard food conditions at 25°C and 60% humidity and dead flies were counted at the end of each day. Flies were transferred onto fresh food every 3-4 days to circumvent influences due to changes in food quality.
Larval preference tests
To test larvae for innate odor and taste preference, the FIM (FTIR-based Imaging Method) tracking system (51) was used to monitor individual larvae over time. Recordings were made by a monochrome industrial camera (DMK27BUP031) with a Pentax C2514-M objective in combination with a Schneider infrared pass filter, and the IC capture software (www.imagingsource.com). Larval position in relation to the odor or taste stimulus was determined every second. To test larvae for innate odor responses, a thin layer of 1.5% agarose was placed on an acryl plate which was illuminated with infrared light. An odor container (10μl amylacetate) was placed on one side of the agarose layer. A group of five larvae was placed in the neutral mid zone of the agarose layer and larvae were recorded for 5min. To monitor larval responses to fructose or high salt, larvae were placed on a 1.5% agarose layer which contained either 2M fructose or 1.5% sodium chloride on one side.
Preference indices (PIs) were calculated by subtracting the number of larvae on the stimulus-side (ST) from the number of larvae on the no-stimulus side (NO), divided by the total number of larvae: The total number of preparations with signals for the respective peptides is given inside the bars, the X-axis shows the relative % of detections. Preparations in which only the respective fully processed peptide was found are shown in gray, preparations in which fully processed and C-terminally extended peptides occured are shown in orange, and preparations in which only the respective C-terminally extended peptide was detectable are shown in blue.
Supporting Figure 2:
Examples of the LC-MS peptide analysis for two peptide families, Allatostatin A and FMRFa-like peptides. Identified peptides were aligned to the prepropeptide sequence. For both peptide families, fully processed and bioactive peptides are C-terminally amidated (red box); both spacer peptides and bioactive peptides were found. In FM7h; hs-svr control flies, only fully processed amidated bioactive peptides or mostly processed but not yet amidated (still carrying a C-terminal glycine amidation signal) are visible, with exception for AstA-1 (VERYAFGLa) which seems to have a weak C-terminal PC cleavage site. In svr PG33 ;hs-svr mutant flies, additional C-terminally extended peptides become detectable which still comprise the C-terminal PC cleavage sequence (KR, RR, R). Interestingly, a mutated dCPD leads sometimes to a skip of PC cleavage between some directly neighboured bioactive peptide sequences in both peptide families. Perhaps, intermediate dCPD action is required between two consecutive PC cleavage events in these cases.
Supporting Figure 3:
Ratios R (Peak areaprocessed/Peak areaunprocessed), see Material and Methods) for FM7h; hs-svr control flies and svr PG33 ;hs-svr mutants. R>>1 suggests that more processed than unprocessed peptide is present, while R<<1 suggests that most peptide exists in its unprocessed form.
Supporting Figure 4:
Phylogenetic analysis of M14 CPs by maximum likelihood method based on the JTT matrix-based model. The tree with the highest log likelihood (-253781,02) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 323 amino acid sequences, using insect CPA and CPB sequences as outgroup. All positions with less than 5% site coverage were eliminated. That is, fewer than 95% alignment gaps, missing data, and ambiguous bases were allowed at any position. There were a total of 1890 positions in the final dataset.
